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The ion-molecule reactions of dimethyl ether ions CH,OCHi and (CHaOCHa)H+, and 
four- to seven-membered ring lactams with methyl substituents in various positions were 
characterized by using a quadrupole ion trap mass spectrometer and a triple-quadrupole 
mass spectrometer. In both instruments, the lactams were protonated by dimethyl ether ions 
and formed various combinations of [M + 13]+, [M + 15]+, and [M + 45]+ adduct ions, as 
well as unusual [M + 3]+ and [M + 161’ adduct ions. An additional [M + 471’ adduct ion 
was formed in the conventional chemical ionization source of the triple-quadrupole mass 
spectrometer. The product ions were isolated and collisionally activated in the quadrupole 
ion trap to understand formation pathways, structures, and characteristic dissociation path- 
ways. Sequential activation experiments were performed to elucidate fragment ion structures 
and stepwise dissociation sequences. Protonated lactams dissociate by loss of water, ammo- 
nia, or methylamine; ammonia and carbon monoxide; and water and ammonia or meth- 
ylamine. The [M + 16]+ products, which are identified as protonated lactone structures, are 
only formed by those lactams that do not have an iv-methyl substituent. The ion-molecule 
reactions of dimethyl ether ions with lactams were corn 
and lactones. {J Am Sot Mass Spectrom 2993, 4, 
ared with those of analogous amides 
352-361 F; 
A variety of molecules containing a lactam ring system are essential in the polymer and phar- maceutical industries. For example, ccapro- 
lactam is a monomer in the ring-opening polymeriza- 
tion of nylon [l], and many antibiotics, such as the 
penicillins, cephalosporins, and cytochalasins, are 
based on a lactam ring [2]. Because of the industrial 
importance of lactams, their analysis has been the 
focus of many studies. 
For nearly three decades, the mass spectral frag- 
mentation of lactam ions has been studied to differen- 
tiate structural isomers and correlate fragmentation 
patterns with structural features [3-251. The fragmen- 
tation of unsubstituted and substituted three- [3, 41, 
four- [5,6], five- [7-91, six- [S, 91, and seven-membered 
[9, 101 ring lactams ionized by electron impact ioniza- 
tion has received the most attention. These lactam 
molecular ions commonly fragment by ring cleavage, 
producing ketene-type ions or neutrals and/or iso- 
cyanate-type ions or neutrals. Ring cleavage may also 
result in the loss of CO, C2H4, or CH,N. Fragmenta- 
tion patterns vary, depending on ring size and the 
nature and position of the substituents. The fragmenta- 
tion patterns of @-lactam antibiotics [ll-171, steroidal 
lactams [18-201, and other complex lactams [21-251 
following electron impact ionization, chemical ioniza- 
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tion, fast-atom bombardment ionization, and colli- 
sional activation have also been reported; however, the 
bimolecular reactions of simple lactams and dissocia- 
tion reactions of the reaction products have not been 
studied systematically. 
In this study, the selectivity of ion-molecule reac- 
tions of four- to seven-membered ring lactams, both 
unsubstituted and with methyl substituents in various 
positions (Figure 11, with dimethyl ether ions was 
characterized to correlate reactivity with ring size and 
substitution pattern. Dimethyl ether. ions, CH,OCHi 
and (CH@CHJH+, which have previously been 
shown to react selectively with many organic com- 
pounds [26, 271, were used for chemical ionization to 
form protonated lactams and adduct ions in both a 
quadrupole ion trap mass spectrometer and a triple- 
quadrupole mass spectrometer. The product ions were 
collisionally activated in the ion trap mass spectrome- 
ter to induce dissociation for elucidation of formation 
pathways, structures, and dissociation pathways, and 
the identities of the eliminated neutrals were deter- 
mined by sequential activation experiments. As is de- 
scribed herein, the N-methyl Iactams show distinctive 
reaction pathways, compared with their C-methyl 
counterparts. 
The ion-molecule reactions of lactams have also 
been compared with those of their acyclic counterparts 
(amides) and their ester analogs flactones). The latter 
have been characterized by this laboratory in an earlier 
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work 1281. In that study, reactions of dimethyl ether 
ions with lactones produced protonated lactones as 
well as adduct ions corresponding to [M + 15]+, [M + 
451+, and [M + 47]+. Protonated lactones dissociate 
primarily by loss of water, sequential loss of water and 
carbon monoxide, and neutral losses of a ketene, 
alkene, and C,H40. 
Experimental 
Unless otherwise noted, experiments were performed 
in a Finn&an quadrupole ion trap mass spectrometer 
(Finn&an-MAT, San Jose, CA) [29]. Samples were ir- 
traduced into the vacuum chamber through a variable 
leak valve or a direct-inlet probe to a nominal pressure 
of OS-Z.0 X 10-’ torr; dimethyl ether was used as a 
reagent gas at a pressure of 1 X lo5 torr; and helium 
was admitted as a buffer gas at 1 mtorr (corrected 
gauge pressure measured by an ionization gauge at- 
tached to the vacuum chamber). The reactive ions of 
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dimethyl ether are methoxymethylene, CH,OCH:, 
at m/z 45, and protonated dimethyl ether, 
(CH30CHJH+, at m/r 47. After an ion-molecule 
reaction period of 50-100 ms, the product ion of inter- 
est was isolated by apex isolation [30] consisting of a 
- lOOE200-V direct-current potential combined with an 
appropriate radio frequency voltage applied to the ring 
electrode. Isolated ions were then collisionally acti- 
vated by a supplementary alternating-current tickle 
voltage applied across the end caps, typically 0.2-0.4 
V p_p for 7-12 ms at a q, value of 0.4. Dimethyl-d, 
ether was used as a reagent gas at 1 X 1O-5 torr for 
deuterium-labeling experiments. 
For experiments performed in a Finnigan TSQ70 
triple-quadrupole mass spectrometer, samples were in- 
troduced with a direct-inlet probe. Dimethyl ether was 
used as a reagent gas at 1.4 torr in a chemical ioniza- 
tion source region that was maintained at 150 “C. The 
dimethyl ether pressure was measured by a Pirani 
gauge located in the reagent gas line outside the vac- 
uum manifold. Ions were mass analyzed by the first 
quadrupole. 
All samples were purchased from Aldrich Chemical 
Co. (Milwaukee, WI> and were used without further 
purification. Purities were tested by electron impact 
and isobutane chemical ionization, as well as gas chro- 
matography/mass spectrometry. Dimethyl ether was 
purchased from MG Industries and dimethyl-d, ether 
from Isotec, Inc. 
Results and Discussion 
Bimolecular Reactions of Lactams with Dimethyl 
Ether Ions 
The ion-molecule reaction products of the lactams 
with dimethyl ether reagent ions in the ion trap are 
summarized in Table 1. All of the lactams were proto- 
nated by dimethyl ether reagent ions and formed [M 
+ 1.5]+ adduct ions by methyl cation transfer, and 
most of the lactams formed [M + 45]+ adduct ions. 
Other products formed include [M + 3]+, [M + 13]+, 
and [M + 16]* adducts. To determine which dimethyl 
ether reagent ion is responsible for formation of each 
adduct ion, the reagent ions at m/z 45 (the methoxy- 
methylene cation) and m/z 47 (protonated dimethyl 
ether) were individually isolated and allowed to react 
with the lactams. Protonated dimethyl ether resulted 
only in protonation of the lactams, whereas the 
methoxymethylene cation produced all of the adducts 
listed in Table 1 as well as a small amount of the 
protonated molecules. 
Although simple protonation or formation of [M + 
15]+ adducts shows no dependence on ring size or 
substituent position, formation of the [M + 13]+ and 
[M + 16]+ adducts appears to be highly selective. For 
instance, of the five-, six- and seven-membered ring 
systems, the [M + 13]+ and [M + 16]* adducts were 
formed only by lactams that do not have a methyl 
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Scheme I. Mechanism for formation of l&am [M + 16]+ adducts by reactions of 5.methyl-2.pyrrolidinone with (a) dimethyl ether 
ions and Cb) dimethyl-d6 ether ions 
sively to their fully deuterated counterparts, demon- 
strating that no atom scrambling occurs. 
The four-membered ring lactam, Z-azetidinone, was 
the only lactam that did not form a stable [M + 45]+ 
adduct, yet it formed an unusual [M + 3]+ adduct at 
m/z 74. This ion is a reaction product of 2-azetidinone 
and the methoxymethylene cation of dimethyl ether. 
One possible mechanism (shown in Scheme II) for the 
formation of this ion involves an intermediate [M + 
45]+ species that dissociates by elimination of a ketene 
neutral (CH, = C = 0). The high degree of ring strain 
of 2-azetidinone may promote this process. 
In addition, 2-azetidinone is the only [M + 13]+ 
ion-forming lactam that does not also form the [M + 
16]+ product. The other lactams that formed [M + 13]+ 
adducts also formed [M + 16]+ adducts. This anomaly 
may be due to the fact that Z-azetidinone has another 
competing reaction pathway, the formation of [M + 
100, 
I ‘Ml+,“+ (&I + Is)+ + 117+ 
(M + 15)+ 
(M+ SO)+ 
114+ 149+ 
0 
100 110 120 130 140 150 160 
ml2 
Figure 3. Reaction spectrum of dimethyl-d, ether ions and 
5-methyl-Z-pyrrolidinone. 
3]+ described above, which is kinetically or thermody- 
namically favored over the formation of [M + 16]+ 
ions. 
Another interesting feature of the reactivity of 2- 
azetidinone is that at sample pressures greater than 
1 x 10P6 torr, the products formed by ion-molecule 
reactions with dimethyl ether ions are obscured by 
self-chemical ionization reaction products. When 2- 
azetidinone is ionized by electron impact ionization at 
these higher sample pressures, and in the absence of 
dimcthyl ether, ions are formed at m/z 72, 101, 113, 
126, and 143. The ion at m/z 72 is simply a protonated 
lactam formed by self-chemical ionization, and the ion 
at m/z 143 is a proton-bound dimer, [2M + HI*. The 
proton-bound dimer was isolated and activated to 
determine whether it is a precursor in the formation of 
any of the other ions, but it showed only one dissocia- 
tion product that corresponds to protonated 2-azetidi- 
none. The ions at m/z 101, 113, and 126 are presum- 
ably formed by reaction of neutral 2-azetidinone with 
ions produced by spontaneous elimination of 42,30, or 
17 u, respectively, from protonated lactams. Similar 
reactions were observed for some of the larger ring 
lactams at high sample pressures but to a lesser extent 
than 2-azetidinone. Again, this unique behavior may 
be caused by a higher degree of ring strain in the 
four-membered ring than in the larger ring systems, 
making 2azetidinone extremely reactive. 
Comparison of Reactions in an Ion Trap and a 
Triple-Quadrmpole Mass Spectrometer 
The lactams were also studied in a triple-quadrupole 
mass spectrometer to observe bimolecular reactions at 
the higher dimethyl ether pressure of the conventional 
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but not [M + 45]+ adducts. In contrast, lactams and 
lactones formed both types of adducts in the conven- 
tional chemical ionization source of the triple- 
quadrupole mass spectrometer. On the basis of the fact 
that only stable adducts survive in the ion trap envi- 
ronment, apparently the lactam [M + 45]+ adducts are 
more stable than the [M + 47]+ adducts, and the lac- 
tone [M + 471’ adducts are more stable than the [M + 
45]+ adducts. 
Dissociation React&m of Lactams 
Because the ion-molecule reactions of all the lactams 
produced [M + HI+ and [M + 15]+ adduct ions, the 
dissociation pathways of these two products were 
characterized by CAD. The results are summarized in 
Table 4. Some of the neutrals eliminated on activation 
of protonated lactams include ammonia (NH,), water 
(H,O), methylamine (CH,NH,), 35,42,44, 45,49, and 
56 u. The elucidation of the identities of some of these 
neutrals is described in the following sections. 
The loss of H,O is the most common fragmentation 
pathway of protonated lactams. Most of the protonated 
lactams that dissociate by elimination of H,O also 
dissociate by loss of NH,, if the lactam nitrogen is 
unsubstituted, or CH,NH,, if the lactam nitrogen has 
a methyl substituent, and, typically, the loss of H,O is 
dominant over NH, or CH,NH, loss. The exceptions 
are protonated Z-pyrrolidinone and l-methyl-Z-pyrrc+ 
lidinone, in which the losses of NH, and CH,NH,, 
respectively, are the base peaks in the CAD spectra. In 
the CAD spectrum of protonated 5-methyl-2-pyrro- 
lidinone, losses of both H,O and CH,NH, are minor. 
The only lactams that do not dissociate by loss of H,O 
or NH,/CH,NH, are 1,5_dimethyl-2-pyrrolidinone 
and the two six-membered rings 2-piperidone and 
l-methyl-2 piperidone. 
The competition between H,O loss and NHi,/ 
CH,NH, loss may reflect a thermodynamic or kinetic 
competition between the oxygen atom and the nitro- 
gen atom as the site of protonation. A recent study 
reports that plactams are oxygen bases rather than 
nitrogen bases, but that the gap behveen the intrinsic 
basicities of the nitrogen and oxygen is much smaller 
in plactams than their acyclic counterparts the amides 
1331. Therefore, protonation should be thermodynami- 
cally favored at the oxygen site but may occur at the 
nitrogen site also. Presumably, if oxygen-site protona- 
tion leads to dehydration, whereas nitrogen-site pro& 
nation leads to deamination, dehydration should be 
favored over deamination, This is consistent with our 
experimental results, showing that H,O loss accounts 
for 80% of the total fragment ion current in protonated 
2-azetidinone, whereas loss of NH, accounts for only 
10%. 
The lass of 45 u from protonated 2-pyrrolidinone 
can be attributed to a net loss of CH,NO by a consecu- 
tive or concerted elimination of NH, and CO. A se- 
quential activation experiment was performed to con- 
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Figure 4. Sequential activation of (a) m/z 86, then (b) m/z 6Y 
from the CAD spectrum of proton&cd 2-pyrrolidinone in the ion 
trap mass spectrometer. 
firm this stepwise loss. After chemical ionization by 
dimethyl ether ions, protonated 2-pyrrolidinone at m/z 
86 was isolated and activated (Figure 4a). The frag- 
ment at m/z 69 (loss of NH,) was then isolated and 
activated (Figure 4b). This yielded an ion at m/z 41 by 
loss of 28 u, which confirms a sequential loss of NH,, 
then CO. Alternatively, this reaction may occur by CO 
loss first, but this sequence could not be tested because 
the CAD spectrum of protonated 2-pyrrolidinone does 
not contain any ions resulting from CO loss alone. A 
mechanism for the sequential loss of NH 3 and CO that 
is similar to one proposed for H,O/CO loss from 
protonated lactones [28] is shown in Scheme Ill. The 
mechanism is used to illustrate one possible rational- 
ization for the fragmentation, but it has not been con- 
firmed by complete isotopic labeling. 
Loss of NH, and CO is not observed in the CAD 
spectra of the other protonated lactams, although this 
loss from protonated 5-methyl lactams would result in 
more thermodynamically stabilized product ions. An 
explanation for this observation is that in the other 
protonated lactams, competing fragmentation path- 
ways are thermodynamically or kinetically favored 
over the loss of NH, and CO. In fact, as a more 
general observation, several of the fragmentation path- 
ways that are favored by one type of lactam are disfa- 
vored or absent for the substituted analogs. It is possi- 
ble that many of the different dissociation pathways 
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(M + H)+ 
86+ 
41+ 
Scheme III. Mechanism for the sequential loss of NH, and CO from protonated 2-pyrralidinone. 
have similar activation barriers but have very different 
kinetic trends; however, the diversity of fragmentation 
pathways of the protonated lactams is analytically 
useful because the CAD spectra are especially distinc- 
tive. 
Sequential activation experiments were used again 
to elucidate the loss of 49 u from protonated N- 
methyl-•-caprolactam. This net loss of CH,NO could 
reflect a sequential loss of NH, and CH,OH or 
CHaNTI, and H,O. The latter combination seemed 
more likely because loss of NH, for the first combina- 
tion would require extensive rearrangements, includ- 
ing transfer of a methyl group as well as hydrogen 
atoms. To test the loss of CH,NH, and H,O, the 
protonated lactam (m/z 128) was isolated and acti- 
vated to produce ions at m/z 79 and 110 (as shown in 
Table 4). The ion at m/z 110, formed by dehydration, 
was then isolated and activated, which produced an 
ion at m/z 79. This experiment indicates that sequen- 
tial loss of H,O followed by CH,NH, may be induced 
in the ion trap. Loss of CH,NH, followed by loss of 
H,O may also occur, but confirmatory experiments 
could not be performed because a fragment ion corre- 
sponding to loss of CH,NH, was not available for 
sequential activation experiments. Protonated e-capro- 
lactam eliminated 35 u on collisional activation, which 
may be a similar stepwise loss in which the loss of 
CH,NH, is instead replaced by loss of NH, because 
the nitrogen atom does not have a methyl substituent. 
The CAD spectra of the lactam [M + 151+ adducts 
do not show as wide a variety of fragmentation path- 
ways as the protonated lactams. The most prominent 
dissociation is loss of methanol, which is analogous to 
loss of H,O from the simple protonated lactams. The 
[M + 15]+ adducts of l-methyl-2-pyrrolidinone and 
l-methyl-2-piperidone are the only ones that do not 
dissociate by this pathway. The expected loss of 
CH,NH,, which is analogous to the common loss of 
NH, from protonated lactams, is only observed in the 
CAD spectrum of the [M + 15]+ adduct of 2-pyrro- 
lidinone, one of the lactams that exhibits predominant 
loss of NH, from the protonated species. One explana- 
tion for the absence of CHsNH, losses is that the 
oxygen atom is thermodynamically a more favorable 
site for methyl cation attachment than the nitrogen 
atom.’ The subsequent dissociation would be limited 
to loss of methanol because a loss of CH,NH, or 
dimethylamme would require skeletal rearrangement. 
An alternative explanation is that methyl cation trans- 
fer occurs initially at both the oxygen and nitrogen 
sites, but the intramolecular proton abstraction re- 
quired for the loss of CH,NH, is unfavorable for the 
nitrogen methylated cation. 
As mentioned in an earlier discussion, the [M + 
16]+ ions dissociate by pathways that are analogous to 
methylated lactone ions [28]; thus, these are not further 
described. 
Conclusions 
The ion-molecule reactions of lactams with dimethyl 
ether ions show a high degree of selectivity that was 
not observed in the ionmolecule reactions of lactones 
or amides with dimethyl ether ions. All of the lactams 
were protonated by dimethyl ether ions, but the for- 
mation of additional adduct ions shows selectivity on 
the basis of ring size and the presence or absence of a 
methyl substituent on the lactam nitrogen atom. The 
[M + 45]* adduct ions are the precursors to [M + 13]+, 
[M + 151+, and [M + 161+ adducts that are formed 
through different intermediate structures and competi- 
tive dissociation channels. 
The protonated lactams dissociate to yield frag- 
ments that are structurally informative. Some of the 
protonated lactams dissociate by loss of ammonia and 
sequential loss of ammonia and carbon monoxide, 
which are analogous to dissociation pathways that are 
common in protonated lactones. Other fragmentation 
pathways of protonated lactams include loss of ammo- 
nia/methylamine and sequential loss of water and 
ammonia/methylamine. Each protonated lactam ex- 
hibits a unique set of dissociation pathways and prod- 
uct ions, making the discrimination of structural iso- 
mers possible. 
’ Heats of formation of oxygen and nitrogen protonated and meth- 
ylated lactams were calculated by generating and minimizing strut- 
tures with PC MODEL (version 4.4) and then entering the coordinates 
into the semiempirical program MOPAC (version 6.0). The AMI 
hamiltonian operator and default parameters were used in all casts, 
and a molecular mechanics correction was not used. These prelimi- 
nary calculations showed that the oxygen atom is the more then-no- 
dynamically favorable site for both protonation and methylation. 
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